Studies on the chondrocyte inflammatory injury are very important for understanding the pathogenesis and clinical treatment of osteoarthritis (OA). Evidence suggests that N-methyl pyrrolidone (NMP) may be used as an adjuvant therapy alongside established methods of OA treatment. This study investigated the effect of NMP on chondrocyte inflammatory injury and explored the underlying molecular mechanism.
Background
Osteoarthritis (OA) is a frequently-occurring disease and inflammatory joint disease in orthopedics [1, 2] . The main pathological features of OA are the reduction of chondrocytes, the metabolic disorder of extracellular matrix (ECM), the inflammatory reaction of synovial membrane, and the remodeling of subchondral bone in joint tissues [3] . These pathological changes will eventually lead to joint deformities and joint dysfunction in patients with OA, and even lead to long-term disability in the patient, resulting in an ultimate mortality rate of 53% [4] . As one of the joint disorders that seriously affect human health and life, OA is more common in middle-aged and elderly people over 50 years of age, seriously endangering the physical health of the middle-aged and elderly people and greatly affecting their quality of life, as well as imposing a heavy burden on individuals, families, and the community [5] . The incidence of OA increases with age and has thus become a major problem in the aging population [6] .
Articular cartilage shows abnormal pathological changes earlier in the process of OA. Its pathological changes are related to excessive degradation of structural proteins such as proteoglycan and type II collagen in cartilage extracellular matrix, and its degradation metabolism far exceeds that of anabolism [7] [8] [9] [10] . Chondrocytes are the only cells in the articular cartilage tissue and their abnormal changes in cellular physiology are inextricably linked with the development of OA [11] . Chondrocytes are important components involved in the balance of cartilage metabolism and play a key role in maintaining the stability of their physicochemical properties and integrity of the structure and function of cartilage ECM [12] . As chondrocytes play a pivotal role in the pathogenesis of OA, they have become the preferred cells for OA research. To study the inflammatory injury of chondrocytes is important for understanding the pathogenesis and clinical treatment of OA [13] .
N-methyl pyrrolidone (NMP), a small bioactive molecule, plays a key role in osteoblast and osteoclast differentiation [14, 15] . NMP has been used as a constituent in guided tissue regeneration membranes, guided bone regeneration membranes, and bone substitute materials [16] [17] [18] [19] . NMP has been found to be a functional low-affinity acetyl lysine mimic and Bromodomain inhibitor with anti-multiple myeloma and immunomodulatory activity [20] . Recently, a study reported that NMP could preserve both mass and quality of long bones in ovariectomized rats [21] . Studies have demonstrated that NMP ameliorates the hypoxia-reduced osteoblast differentiation and inhibits inflammation by repressing the NF-kB pathway [22, 23] . These results indicate that NMP may be used as an adjuvant therapy alongside established methods of OA treatment. However, the exact effect and underlying mechanism of NMP in OA, especially chondrocyte inflammatory injury, is still unclear. Therefore, the purpose of current study was to investigate the effect of NMP on chondrocyte inflammatory injury and to explore the underlying molecular mechanism.
Material and Methods

Cell culture and cell treatment
The murine articular chondrocyte line ATDC5 was obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). ATDC5 cells were grown in Dulbecco's modified Eagle's medium/nutrient mixture F12 (DMEM/F12; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 2 mM Glutamine (Sigma-Aldrich, St. Louis, MO, USA) and 10% fetal bovine serum (FBS, HyClone, Logan, UT, USA). Cells were incubated at 37°C with 5% CO 2 . The cell culture medium was replaced with fresh medium every 2-3 days.
ATDC5 cells were cultured with various concentrations (0, 1, 5, and 10 μg/ml) of lipopolysaccharide (LPS) (Sigma-Aldrich, St. Louis, Mo, USA) for 6 h and then collected for further analyses. Cells were divided into 4 different groups: 1) control group (ATDC5 cells without any treatment); 2) 5 μg/ml LPS induced group (ATDC5 cells were treated with 5 μg/ml LPS for 6 h at 37°C); 3) 5 μg/ml LPS + 5 mM NMP group (ATDC5 cells were treated with 5 mM NMP for 48 h at 37˚C and then 5 μg/ml LPS for 6 h at 37°C); and 4) 5 μg/ml LPS + 10 mM NMP group (ATDC5 cells were treated with 10 mM NMP for 48 h at 37°C and then 5 μg/ml LPS for 6 h at 37°C). The NMP concentrations in the current study were chosen according to a previous study [23] .
Cell viability assay
Cell counting kit-8 (CCK-8, Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was used to detect cell viability according to the manufacturer's instructions. Briefly, after treatment, ATDC5 cells were plated into a 6-well plate (5×10 3 cells/well) and then incubated at 37°C for 24 h. Subsequently, 20 μl CCK-8 solution (5 g/L) was added to each culture well and then incubated for 3 h under standard conditions. Finally, a plate reader (Bio-Rad Laboratories, Tokyo, Japan) was used to measure the absorbance at 450 nm. Tests were repeated at least 3 times.
Apoptotic assay
Apoptotic cells were analyzed using the Annexin V-FITC/PI apoptosis detection kit (BD Biosciences, Franklin Lakes, NJ, USA) per the manufacturer's instructions. Shortly after specific treatment, 1×10
6 ATDC5 cells were dyed with 5 μl Annexin V-FITC (BD Biosciences) at room temperature for 20 min without light. Then, each sample was incubated with 10 μl PI (5 μg/ml) in 1×binding buffer for another 15 min without light. Flow cytometry (FACSCalibur; Becton-Dickinson, Franklin Lakes, NJ, USA) was used to analyzed the apoptosis of cells. Tests were repeated at least 3 times.
Enzyme-linked immunosorbent assay (ELISA) assay
After specific treatment, the ATDC5 cell culture supernatant was harvested from each sample and concentrations of inflammatory cytokines, including tumor necrosis factor (TNF)-a, interleukin (IL)-1b, IL-6, and IL-8, were detected using an ELISA kit (R&D Systems, Abingdon, UK) following the manufacturer's protocols.
Real-time quantitative PCR (qRT-PCR)
Total RNA from ATDC5 cells was isolated using Trizol reagent (Life Technologies Corporation, Carlsbad, CA, USA) in strict accordance with the product specification. The extracted RNA was reversed into cDNAs using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA) according to the manufacturer's protocols. QRT-PCR was conducted using the TaqMan ® Universal PCR Master Mix kit (Thermo Fisher Scientific, Inc.) on the ABI PRISM 7500 Real-time PCR System (Applied Biosystems, Foster City, CA). All reactions were performed at least 3 times. Relative gene expression was quantified using the 2 -DDCq method (24) and GAPDH was used as an internal reference. All primer sequences used in the present study are listed in Table 1 .
Western blot assay
The total protein from ATDC5 cells was isolated using RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China) according to the product specification. Protein samples were quantified by using the BCA™ Protein Assay Kit (Pierce, Appleton, WI, USA) in line with the manufacturer's instructions. Equal amounts of protein samples (2 μg/lane) were loaded on 12% SDS-PAGE and blotted onto polyvinylidene fluoride (PVDF) membranes in accordance with the instructions. Following blocking with 5% non-fat milk at room temperature for 2 h, the membranes were incubated with primary antibodies [Cleaved Caspase3 (ab2302); Cleaved Caspase 9 (ab2324); Caspase 9 (#9508); Caspase 3 (#9668); Bcl-2 (sc509); Bax (sc20067); COX-2 (#4842), iNOS (#13120), p-p38 (#1170), p-JNK (#4668), Phospho-NF-kB p65 (#3033) and b-actin (#4970)] at 4°C overnight, then the membranes were incubated with the anti-rabbit immunoglobulin G, and horseradish peroxidase-linked antibody (HRP, ab131368 and ab1575332, Abcam, USA) at room temperature for 1 h. Finally, protein blots were developed with SuperSignal West Femto Maximum Sensitivity Substrate (Pierce; Thermo Fisher Scientific, Inc.) and the ChemiDoc XRS+ system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was applied for protein band observation per the manufacturer's protocols.
Statistical analysis
Data are expressed as mean ± standard deviation (SD). SPSS software version 20.0 (IBM Corp., Armonk, NY, USA) was used for all statistical analyses. Comparisons between groups were assessed by using a two-way analysis of variance (ANOVA) followed by Bonferroni test or t test. A value of p<0.05 was considered as statistically significant.
Results
LPS induced inflammatory reaction of ATDC5 cells
After treatment with various concentrations of LPS (0, 1, 5, and 10 μg/ml), cell viability of ATDC5 cells was detected using CCK-8. As shown in Figure 1A , compared with control groups, 5 and 10 μg/ml LPS treatment significantly reduced ATDC5 cell viability. We also found that compared with the control group, cell apoptosis in LPS-treated groups significantly increased ( Figure 1B, 1C) . We also observed that, compared with groups without LPS treatment, Bcl-2 protein level was decreased in LPS-treated ATDC5 cells, while protein levels of Bax, cleaved Caspase 3, and cleaved Caspase 9 were all significantly enhanced ( Figure 1D ). No significant differences were observed in the expression of total Caspase 9 and Caspase 3 in different groups. The data showed that LPS administration prevented the cell viability of ATDC5 cells, and cell apoptosis was promoted. Based on the effect of LPS on ATDC5 cell viability, we selected 5 μg/ml LPS for the following experiments.
The protein and mRNA levels of TNF-a, IL-1b, IL-6, and IL-8 were determined using qRT-PCR analysis and ELISA assay,
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5'-GTAGAGGCAGGGATGATGTTCT-3' respectively. As shown in Figure 1E -1I, compared with control group, both mRNA and protein expression levels of TNF-a, IL-1b, IL-6, and IL-8 were all markedly increased in LPS-treated ATDC5 cells. The data suggested that LPS effectively enhanced inflammatory factors production and induced inflammatory response of ATDC5 cells.
NMP treatment reduced the inflammatory injury induced by LPS
ATDC5 cells were pre-treated with various concentrations of NMP (0, 5, and 10 nM) and then treated with 5 μg/ml LPS. Then, ATDC5 cell viability and apoptosis were assessed. As shown in Figure 2A and 2B, compared with the LPS alone treatment group, NMP increased ATDC5 cell viability and decreased cell apoptosis in a dose-dependent manner. Moreover, in the LPS treatment group, NMP treatment increased the expression of Bcl-2, and decreased the expressions of Bax, cleaved Caspase 3, and cleaved Caspase 9 in a dose-dependent way ( Figure 2C ). No significant differences were observed in the expression of total Caspase 9 and Caspase 3 in the different groups.
In addition, compared with the LPS treatment alone group, the protein and mRNA levels of TNF-a, IL-1b, IL-6, and IL-8 were all significantly decreased in NMP-treated ATDC5 cells ( Figure 2D-2K) . In summary, the data suggested that NMP reduced inflammatory reaction of ATDC5 cells.
NMP significantly inhibited the LPS induced increase of COX-2 and iNOS
ATDC5 cells were pre-treated with various concentrations of NMP (0, 5, and 10 nM) and then treated with 5 μg/ml LPS. After treatment, the protein and mRNA level of COX-2 and iNOS in ATDC5 cells was assessed using Western blot and qRT-PCR assay, respectively. The results indicated that compared with the control group, both the protein and mRNA level of COX-2 and iNOS were significantly increased in the LPS treatment alone group, and these increases in COX-2 and iNOS levels were notably reversed by treatment with 5 mM and 10 mM NMP (Figure 3 ). 
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NMP markedly inhibited the LPS induced over-activation of JNK and p38
To determine the underlying molecular mechanism of the effect of NMP on LPS-treated ATDC5 cells, the MAPK pathway was analyzed. Compared with the control group, the expressions of p-JNK and p-p38 were markedly enhanced in the LPS treatment alone group. Treatment with NMP (5 and 10 nM) significantly inhibited the LPS induced up-regulation of p-JNK and p-p38 expression (Figure 4 ).
NMP markedly inhibited the LPS-induced over-activation of NF-kB pathway
NMP inhibits inflammation by repressing the NF-kB pathway [23] . Thus, in the present study, we investigated whether NMP affected the NF-kB pathway in ATDC5 cells through analyzing p-p65 expression. As shown in Figure 5 , NMP significantly decreased the level of p-p65, which was significantly enhanced by LPS administration.
Discussion
In the present study, we determined that NMP inhibited the cell viability, induced apoptosis, and prevented the production There is a poor intrinsic capacity for repair in articular cartilage, and even a small defect resulting from mechanical damage can fail to heal, thus degenerating to OA [25] . OA, one of the most common degenerative disorders in joints worldwide, is characterized by slow destruction and loss of articular cartilage, which mainly impairs the hips and knees [26] . Specifically, in China, the morbidity of OA (symptomatic knee) is as high as 8.1% [27] . Unfortunately, the precise pathogenesis of OA remains unclear and the treatment is not satisfactory.
Studies show that NMP plays a key role in bone formation, osteoblast differentiation, and inflammation response [22, 23] , indicating that NMP may have a potential therapeutic effect on OA. Therefore, we conducted the present study, in which we found that NMP inhibits the inflammatory injury of chondrocytes and regulates activation of the MAPK/NF-kB signaling pathway, which provides a promising agent for the treatment of cartilage defection. Firstly, ATDC5 cells were treated with LPS to mimic inflammatory model in vitro, and the results confirmed that LPS effectively enhanced the production of inflammatory factors and induced the inflammatory response of ATDC5 cells. Then, we investigated the effect of NMP on inflammatory injury of chondrocytes and the results showed that compared with the LPS treatment alone group, NMP dosedependently increased ATDC5 cell viability and decreased cell apoptosis. NMP administration increased Bcl-2 expression level and decreased the expressions of Bax, cleaved Caspase 3, and cleaved Caspase 9 in a dose-dependent manner. Moreover, the protein and mRNA levels of TNF-a, IL-1b, IL-6, and IL-8 were all significantly reduced in NMP-treated cells compared with that in the LPS treatment alone group. All these data indicate that NMP treatment reduces LPS-induced inflammatory injury.
As an enzyme encoded by the prostaglandin endoperoxide synthase 2 gene [28] , COX-2 is not expressed or is under-expressed in most cells in normal physiological conditions but is over-expressed in inflammatory conditions [29] . Nitric oxide synthases (NOSs) are a family of enzymes catalyzing the production of nitric oxide (NO) from L-arginine. NO is an important cellular signaling molecule. Nitric oxide is mediated in mammals by the calcium-calmodulin-controlled isoenzymes eNOS (endothelial NOS) and nNOS (neuronal NOS). The inducible isoform, iNOS, is involved in immune response, binds calmodulin at physiologically relevant concentrations, and produces NO as an immune defense mechanism. iNOS is calcium-insensitive and the gene that codes for iNOS is located on chromosome 17 [30] . Activation of the NF-kB-dependent iNOS promoter supports inflammation-mediated iNOS transcription stimulation [31] . In addition, iNOS stimulates production of large amounts of NO through IL-1 and TNF-a [32] . Studies suggested that LPS may induce iNOS and COX-2 expression in RAW264.7 macrophages [23] . Therefore, the present study evaluated whether NMP significantly reverses LPS induced upregulation of iNOS and COX-2 in ATDC5 cells. Compared with the control group, LPS significantly increased both mRNA and protein levels of COX-2 and iNOS, which were significantly inhibited by treatment with NMP. p38 and JNK, but not ERK, participate in important signaltransducing pathways in the interactions between kinins and IL-1b that lead to the enhancement of COX-2 expression [33] . 
